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E-mail address: kappei@ibrc.or.jp (K. Kobayashi).In this study, we characterized a Capsicum hypersensitive response (HR)-associated gene, SS52,
which encodes a protein that contains an N-terminal C2 domain and a C-terminal XYPPX repeat.
Expression analyses revealed that SS52 and its homologue in Arabidopsis were induced by infection
with incompatible viruses, indicating the conserved function of this gene. SS52 was not induced by
treatment with defense-related hormones, but was induced by abiotic stresses, including wounding.
Overexpression of SS52 in tobacco plants suppressed the spread of HR cell death and restricted the
spread of an incompatible virus from local lesions. Collectively, the results suggest that SS52 nega-
tively regulates plant HR cell death.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction In Capsicum plants, resistance against tobamoviruses is accom-Plants have numerous active defense mechanisms to protect
themselves against pathogen infection. One such mechanism is
the hypersensitive response (HR). The HR is characterized by the
rapid death of cells around the site of pathogen infection, thus
restricting the spread of the pathogen to other parts of the plant
[1]. HR cell death is preceded by ion ﬂuxes, an oxidative burst,
and production of signaling molecules such as salicylic acid (SA)
[2]. HR cell death is tightly controlled to minimize damage to the
rest of the plant [1,3].
Studies on lesion mimic mutants, such as acd2, hlm1, and ssi2
have resulted in isolation of several genes that are associated with
HR cell death [1]. In these recessive mutants, spontaneous cell
death occurs in discrete zones, which resemble the HR. Therefore,
these mutants are presumed to lack the genes that negatively reg-
ulate induction of HR cell death. However, it is not clear whether
these genes regulate the spread of HR cell death.chemical Societies. Published by E
peroxide; HR, hypersensitive
te; L3-Cc, Capsicum chinense
tato virus X; RT-PCR, reverse
acid; ToMV, Tomato mosaic
sociated gene; YFP, yellowpanied by HR cell death at infection sites. Resistance conferred by
the L3 gene is effective against some Pepper mild mottle virus
(PMMoV) strains, but not against the so-called resistance-breaking
strains [4]. Previously, we used SuperSAGE to explore transcrip-
tome changes in the L3-mediated resistance response against
PMMoV, and identiﬁed 17 HR-related genes [5]. Here, we charac-
terized one of these genes, SS52, which encodes a protein contain-
ing an N-terminal C2 domain and a C-terminal XYPPX repeat.
Proteins that contain an XYPPX repeat are conserved in plants
and animals, but their molecular function is poorly understood.
Expression analyses revealed that SS52 was induced during the
resistance response to PMMoV infection, and by abiotic stresses
such as wounding. However, it was not induced by well-character-
ized signaling molecules associated with plant resistance re-
sponses. Overexpression of SS52 in Nicotiana tabacum containing
the N resistance gene did not affect the onset of cell death induced
by Tomato mosaic virus (ToMV), but the spread of HR cell death was
suppressed. The involvement of SS52 in the regulation of cell death
is discussed.
2. Materials and methods
2.1. Plants and viruses
Capsicum chinense PI159236 (L3-Cc; homozygous for L3),
Nicotiana benthamiana, N. tabacum cv. Samsun (susceptible tolsevier B.V. All rights reserved.
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amovirus resistance gene) were grown in pots in commercial soil
(Sakata Seed Co., Yokohama, Japan) in a greenhouse at 24 ± 4 C.
Incompatible PMMoV-Iw, compatible PMMoV-Iw13F66 V, and
ToMV were propagated as described elsewhere [4,5].2.2. Stress treatments
Two-month-old L3-Cc leaves were inﬁltrated with 0.5 mM SA,
100 lM methyl jasmonate (MeJA), 100 lM ethephon, 0.5 mM
hydrogen peroxide (H2O2), 200 mMNaCl, or 100 lM cycloheximide
on the abaxial surface using a needleless syringe. Control plants
were inﬁltrated with distilled water. Leaf blades were wounded
by cutting them into 2-mm wide strips with a razor blade.
2.3. Subcellular localization of SS52-YFP
The SS52 coding sequence was fused to the N-terminus of YFP in
pBI35S-YFP and then introduced into Agrobacterium tumefaciens
LBA4404. A. tumefaciens cells were resuspended in 10 mM MgCl2Fig. 1. Capsicum SS52 and its homologues. (A) Amino acid sequence alignment of SS52
homologues in N. benthamiana, Arabidopsis (At4g34150), rice, and Tetrahymena thermophi
predicted evolutionary relationships among SS52 homologues and other XYPPX repeat-containing 30 lg/ml acetosyringone to an OD600 of 0.5, and inﬁl-
trated into N. benthamiana leaves using a needleless syringe. The
yellow ﬂuorescent protein (YFP) ﬂuorescence of leaf epidermal
cells was observed the following day using a confocal laser scan-
ning microscope FV1000-D (Olympus, Tokyo, Japan). All images
were processed using Olympus Fluoview (Olympus) and Photo-
shop 7.0 (Adobe Systems, CA, USA).
2.4. Transient expression of SS52
The full-length SS52 ORF was inserted into a potato virus X
(PVX)-based expression vector (pGR106), introduced into A. tum-
efaciens GV3101, and then inﬁltrated into N. benthamiana leaves
as described above.
2.5. Detection of ToMV infection and cell death
Spread of ToMV was determined by hammer blot analysis as
described previously [6] using anti-ToMV antiserum (Japan Plant
Protection Association, Matsudo, Japan). Dead cells were observed
by trypan blue staining as described previously [7].with related proteins. Deduced amino acid sequences of Capsicum SS52 and SS52
lwere aligned with manual correction in XYPPX repeats. (B) Phylogenic tree showing
containing proteins in Arabidopsis.
Fig. 2. Subcellular localization of SS52 in N. benthamiana. SS52::YFP fusion protein
or control YFP was introduced into N. benthamiana by Agrobacterium-mediated
transient expression. Bars = 20 lm. Inset (fourfold magniﬁcation) depicts plasma
membrane localization of SS52-YFP.
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3.1. Identiﬁcation of SS52 homologues and phylogenetic analyses
Using SuperSAGE analysis, we identiﬁed the novel gene SS52
from HR-induced Capsicum leaves inoculated with the PMMoV
incompatible strain P1,2, [5]. SS52 (Accession No. AB372265) en-
codes a protein containing an N-terminal C2 domain and a C-ter-
minal XYPPX repeat region (Fig. 1A). An SS52 homologue was
cloned from N. benthamiana (NbSS52; Accession No. AB507799;Fig. 3. Expression analyses of SS52 in Capsicum and Arabidopsis. Tissue-speciﬁc expres
incompatible PMMoV (B), compatible PMMoV (C), or treated with buffer (F), SA (G), me
cycloheximide (M). Arabidopsis leaves were inoculated with CMV and expression of At4g
RT-PCR (A–C, F–M) and real-time RT-PCR (D, E) analyses. Real-time RT-PCR analyses w
independent experiments.83.6% amino acid sequence identity; see Supplementary material).
Database searches revealed SS52 homologues in Arabidopsis
(At4g34150, 59.3% and At1g09070, 24.7%), rice (Accession No.
CT830549; 48.6%) and a protozoan Tetrahymena therophila (Acces-
sion No. AY075152; 30.7%). Although both the C2 domain and the
XYPPX repeat are found in a variety of eukaryotic proteins, proteins
with the C2-XYPPX conﬁguration were not found in human,
mouse, fruit ﬂy, or nematode.
Arabidopsis has at least seven proteins that contain the XYPPX
repeat. Two of these proteins also have the N-terminal C2 domain,
and ﬁve have only the XYPPX repeats. The sequences were aligned
using ClustalW2 (http://www.ebi.ac.uk/Tools/clustalw2/). A neigh-
bor-joining phylogenetic tree constructed using the TREEVIEW
program suggested that SS52, NbSS52, and At4g34150 are ortholo-
gous (Fig. 1B).
We examined the subcellular localization of SS52 by transiently
expressing an SS52-YFP fusion protein in N. benthamiana leaves.
Control YFP was found in some nuclei and the cytoplasm, while
the SS52-YFP fusion protein was localized to the plasmamembrane
(Fig. 2). This result is consistent with those of previous reports,
which showed that plant proteins containing the C2 domain are
localized to the plasma membrane [8,9].
3.2. Effects of biotic and abiotic stresses on the expression of SS52
We examined the expression of the L3-Cc SS52 gene in different
organs by reverse transcription polymerase chain reaction (RT-
PCR) analysis (see Supplementary materials for methods). SS52sion of SS52 in Capsicum (A). Capsicum plants (2 months old) were infected with
thyl jasmonate (H), ethephon (I), hydrogen peroxide (J), wounding (K), NaCl (L) or
34150 (D) and PR1 (E) was monitored. Induction proﬁles of SS52 were examined by
ere repeated at least twice with similar results. The results are the average of two
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plants but was weakly expressed in leaves (Fig. 3A). As reported
previously [5], expression of SS52 in the leaves was induced after
infection with incompatible PMMoV strains, but not after infection
with compatible PMMoV strains (Fig. 3B and C). The expression of
the Arabidopsis SS52 homologue, At4g34150, was induced within
48 h, albeit to a lesser extent and with slower kinetics than PR-1,
a well-studied HR marker gene, when a resistant ecotype (C24)
of Arabidopsis was inoculated with cucumber mosaic virus Y strain
(Fig. 3D and E). This result suggests a conserved role of SS52 in
virus-induced HR.
Next, we examined whether defense-related signaling path-
ways have roles in the induction of SS52 expression in L3-Cc leaves.
Expression of SS52 was not triggered by 24 h treatments with SA,
MeJA, ethephon, or H2O2 (Fig. 3F–J). The actions of SA, MeJA and
ethephon were conﬁrmed by detecting upregulated expression of
known marker genes for these treatments (Supplementary
Fig. S1). These data indicate that SS52 expression is not directly
associated with known signaling molecules in the plant immune
response. In contrast, SS52 expression was induced by abiotic stres-
ses such as wounding, salt, and cycloheximide (Fig. 3K–M). The
expression proﬁle of SS52was consistent with that of the Arabidop-
sis SS52 homologue, At4g34150, identiﬁed in the public microarray
database, Genevestigator [10].Fig. 4. Effect of SS52 overexpression on virus-induced HR cell death in N. tabacum.
ToMV-induced HR cell death at 3 dpi (A) and 5 dpi (B). Diameter of HR lesions was
measured at 5 dpi (C). Values are means with standard deviations (error bars). Cell
death at 5 dpi was monitored using trypan blue staining (D). Spread of ToMV at
5 dpi was monitored by hammer blot analysis: Samsun NN, (E); Samsun, (F).
Bars = 200 lm in (D) and 3 mm in (E, F).3.3. Effect of SS52 overexpression on virus-induced HR cell death
To examine the role of SS52 in virus-induced HR, we transiently
expressed Capsicum SS52 in N. tabacum cv. Samsun NN leaves using
a PVX vector, and monitored the effects on ToMV-induced HR cell
death. After 3 days of ToMV infection, the extent of HR cell death in
the region overexpressing SS52 was similar to that in the region
inﬁltrated with Agrobacterium harboring the empty PVX vector
(Fig. 4A). However, the spread of HR cell death from the site of cell
death initiation was suppressed in the SS52-overexpressing region
(Fig. 4B and C). Evans blue staining showed that there were fewer
dead cells at the site of HR cell death in the SS52-overexpressing
region (Fig. 4D). Consistent with this, the spread of ToMV was also
suppressed by the transient expression of SS52 (Fig. 4E). In con-
trast, ToMV spread was not suppressed by the overexpression of
SS52 in N. tabacum cv. Samsun (Fig. 4F), suggesting that SS52 is in-
volved in the resistance gene-driven antivirus mechanism.4. Discussion
The SS52 gene encodes a protein that contains an N-terminal C2
domain and a C-terminal XYPPX repeat. This gene has homologues
in other plants and protozoa. In other plant proteins, C2 domains
have roles in targeting the protein to the plasma membrane [8,9].
Furthermore, several plant proteins that contain the C2 domain
are involved in plant development and in the defense response
[8,9,11]. Arabidopsis C2 domain proteins, BAP1 and its homologue
BAP2, negatively regulate biotic and abiotic cell death [12,13].
BAP2 can suppress Bax-induced cell death, which implies that
BAP2 has a role in modulating the induction of cell death [13].
Although SS52 was localized to the plasma membrane, like other
plant proteins containing a C2 domain, it did not inﬂuence the
induction of HR cell death. This result suggests that the role of
SS52 differs to those of BAP proteins in the defense response,
although the tissue speciﬁc expression pattern of SS52 expression
suggests that it could have a developmental role, as BAP1 does [11].
The XYPPX repeat is one of several proline-rich domains found
in many plant and animal proteins, but its function is poorly
understood. Although proteins containing both the C2 and XYPPX
repeat domains have not yet been studied in detail, several pro-
line-rich proteins harboring a C2 domain have been reported. The
mammalian ultraviolet irradiation resistance-associated gene (UV-
RAG) protein contains a C2 domain and a proline-rich domain, and
interacts with BECLIN 1 and autophagic kinase PI3PK. UVRAG has
essential roles in an autophagic pathway [14]. Autophagy is re-
quired to restrict HR cell death during the plant immune response
[3,15]. Overexpression of SS52 reduced the size of HR local lesions,
and restricted the spread of virus in ToMV-inoculated Samsun NN
leaves. This result suggests that SS52 is involved in restricting the
spread of HR cell death and/or the virus and, like UVRAG, SS52 may
function in modulating the autophagy process.
The results of two different experiments supported the view
that SS52 is involved in restricting the HR cell death. First, overex-
pression of SS52 did not affect ToMV spread in susceptible Samsun
leaves, suggesting that SS52 itself does not have an antiviral effect.
Second, SS52 expression was not inﬂuenced by the plant hormones
SA, jasmonic acid (JA), and ethylene, which are known to regulate
defense responses [16]. Instead, SS52 was induced by abiotic stres-
ses, e.g., wounding. Thus, SS52 may respond to HR cell death
through the detection of dead cells as an abiotic stress, and thus,
suppress the spread of HR cell death.
It is still possible that SS52 has roles in restricting the spread of
viruses. There are several plant pathosystems in which plant resis-
tance mechanisms are independent of SA-, JA- and ethylene-med-
iated signaling, e.g., in elicitor-induced Arabidopsis resistance to the
2556 M. Sakamoto et al. / FEBS Letters 583 (2009) 2552–2556fungal pathogen Botrytis cinerea [17] and in b-aminobutyric acid-
mediated callose deposition at the penetration site of the oomycete
Hyaloperonospora parasitica [18]. However, it is still unknown
whether a common set of resistance mechanisms is effective
against both eukaryotic pathogens and viruses. It should be noted
that viruses are obligate parasites, whereas B. cinerea is a sapro-
phyte and H. parasitica is a facultative biotroph.
The HR is a two-edged blade; its deregulation could lead to the
death of the whole plant. One of the negative regulatory mecha-
nisms of the HR is abscisic acid (ABA). Abiotic stress responses
mediated by ABA have been shown to suppress the SA-mediated
plant immune response in Arabidopsis [19]. Autophagy is another
mechanism that negatively regulates the HR, and SS52 may have
a positive role in this regulation. BAP1, a negative regulator of plant
cell death, is reportedly induced by SA, the major signaling mole-
cule associated with the HR [12]. It is noteworthy that SS52 expres-
sion was rapidly induced by wounding (within 1 h), but was not
induced by SA. SS52-regulated autophagy could have a role in
restricting the HR, along with ABA-mediated negative regulation
of SA-dependent responses.Acknowledgments
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